on cardiovascular responses to exercise: role of blood volume. J. Appl. Physiol. 60(l): [95][96][97][98][99] 1986.-In this study we determined whether the decline in exercise stroke volume (SV) observed when endurance-trained men stop training for a few weeks is associated with a reduced blood volume. Additionally, we determined the extent to which cardiovascular function could be restored in detrained individuals by expanding blood volume to a similar level as when trained. Maximal 0, uptake (vo2 & was determined, and cardiac output (CO, rebreathing) was measured during upright cycling at 50-60% VOs max in eight endurance-trained men before and after 2-4 wk of inactivity. Detraining produced a 9% decline in blood volume (5,177 to 4,692 ml; P < 0.01) during upright exercise, due primarily to a 12% lowering (P < 0.01) of plasma volume (PV; Evans blue dye technique). SV was reduced by 12% (P < 0.05) and VO, max declined 6% (P < O.Ol), whereas heart rate (HR) and total peripheral resistance (TPR) during submaximal exercise were increased 11% (P < 0.01) and 8% (P < 0.05), respectively. When blood volume was expanded to a similar absolute level in the trained and detrained state (-5,500 & 200 ml) by infusing a 6% dextran solution in saline, the effects of detraining on cardiovascular response were reversed.
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SV and VO, max were increased (P < 0.05) by PV expansion in the detrained state to within 2-4% of trained values. Additionally, HR and TPR during submaximal exercise were lowered to near trained values. These findings indicate that the decline in cardiovascular function following a few weeks of detraining is largely due to a reduction in blood volume, which appears to limit ventricular filling during upright exercise. stroke volume; endurance training; myocardial function; maximal O2 uptake A MAJOR ADAPTATION to endurance training is an increase in stroke volume (SV) duling exercise (2, 4, 21) . We have recently found that when highly trained people stop training, they display a large decline in SV during upright exercise after only 12 days of inactivity and little further decline in SV occurs after 3 mo of inactivity (8). The purpose of the present study was to determine the extent to which a reduction in blood volume contributes to the rapid decline in SV during detraining. The potential influence of blood volume is suggested by recent studies that have demonstrated a direct effect of blood volume on SV during exercise in the upright position (11, 12, 18) . Additionally, the hypervolemia that often accompanies endurance training appears to be quickly lost when training is stopped (5). In the present study, the cardiovascular responses to submaximal and maximal exercise were measured in eight men when trained and then again after 2-4 wk of inactivity.
The period of inactivity resulted in a decline in blood volume. Additional measurements were made after blood volume was expanded to a similar level in the trained and detrained states.
METHODS
Subjects. The subjects in this study were eight men who had been performing intense endurance training for an average of 6 t 1 yr. Four of the men trained by running and four cycled. During the 2-mo period prior to detraining, these men typically exercised for -1 h/ day, 4 day/wk at an intensity corresponding to 70-80% of maximal O2 uptake (VO 2 max). Additionally, they performed one or two interval workouts each week consisting of five exercise bouts of 5-min duration at 9O-100% of i702 max. Their mean (ME) physical characteristics were 25 -)-2 yr of age, 68.5 * 2.0 kg body wt, and 64.5 t 2.0 ml g kg-' l min-' for Vo2 max measured during cycling. This study was approved by the Human Studies Committee of The University of Texas and the subjects gave their written informed consent.
Detraining and testing sequence. The subjects were evaluated during a 2-day period when trained and then again after 2 or 4 wk of inactivity. Four of the subjects detrained for 2 wk and four detrained for 4 wk. We have previously shown that the decline in SV is similar during these detraining periods (8). During detraining, these men refrained from any vigorous exercise and kept their physical exertion to the minimum levels required by their generally sedentary daily routines.
On the first day of testing, plasma volume (PV) and blood volume were measured as described below. Subsequently, the subjects performed two 15-min bouts of upright cycling at 50 and 60% of i702 max while multiple measurements of cardiac output were made using the CO, rebreathing procedure described below. Heart rate (HR) was measured from electrocardiogram tracings and SV was calculated. SV was also measured during 15 min of cycling in the supine position at both 50 and 60% of l vo 2 max. After a 30-min rest period, Vo2 lllaX was measured during upright cycling as described below.
On the 2nd day of testing in the trained and detrained 0161-7567/86 $1.50 Copyright 0 1986 the American Physiological Society 95 states, the s ubjects were infused with a PV expander (a 6 % dextran solution in 0.9% saline; mean mol w-t of 70,000; Macrodex, Pharmacia Laboratories, Piscataway NJ). While subjects were in the trained state, a sufficient volume of the dextran solution was infused via a catheter placed in an antecubital vein of the arm so as to increase blood volume during exercise by G%, or 400 ml. We did this to determine whether trained people, who have a naturally expanded plasma volume, are responsive to further expansion.
When subjects were detrained, a sufficient volume of dextran solution was infused (700-800 ml) so as to increase a exercise given subject's PV to the same leve 1 noted during when PV was expanded in the trained state. Four of the detrained subjects were also evaluated during 15 min of exercise at 50% of VO, max after PV was first expanded by 450 ml to approximately the normal trained level. Cardiovascular responses during upright and supine exercise were recorded as on the previous day and then Voz max was redetermined. Measurement of plasma volume. PV was measured using the Evans blue dye procedure, whereas total blood volume and erythrocyte volume were calculated, as previously described (l3), from the simultaneous determination of hematocrit. If erythrocyte volume was assumed to be constant from the 1st to the 2nd day of testing and not different from rest during submaximal exercise (13), then total blood volume and PV during exercise could be calculated from the measurement of hematocrit on a blood sample obtained through a venous catheter during the 10th min of each submaximal bout of exercise. Hematocrit of the venous blood sample was corrected for peripheral sampling (0.91) and for trapped plasma (0.96).
Determination of cardiac output. Cardiac output was measured six times (at Z-min intervals beginning after 4 min of exercise) during the course of each 15min bout of cycling using the CO2 rebreathing method of Defares (9). Measurements were made during one bout of exercise at 50% of the trained VO, max, and after a ZO-min rest, measurements were repeated during another 15-min bout of exercise at 60% of VO, max. Values obtained during both bouts were averaged to obtain a single estimate for each of the measured cardiovascular responses to submaximal exercise.
During each determination of cardiac output, CO2 production (&o~) and 0, consumption (VO~) were measured by using a dry-gas meter to assess the volume of inspired air while expired air x-as collected through a Daniels valve and into meteorological balloons for determination of Oz (S3-A Applied Electrochemistry) and CO2 (Beckman LB-Z) concentration. End-tidal PCO~ was determined on a breath-by-breath basis by continuously sampling at the mouthpiece using a COn analyzer (Beckman LB-Z) interfaced with a laboratory computer. Mixed venous PCO~ was determined by extrapolating the exponential rise in end-tidal PCO~ to equilibrium using computer analysis during the rebreathing of a 5% COZ-95% 0, gas mixture (9). A venous blood sample was obtained during each bout of exercise, and hemoglobin concentration was determined (cyanomethemoglobin method) so that arterial and venous CO2 content could be calculated from the COz dissociation curve presented by McHardy (19). Our coefficient of variation in measuring SV with this procedure is 6.5%. Systolic and diastolic blood pressures (SBP, DBP) were measured sphygmomanometritally immediately prior to each determination of cardiac output. Total peripheral resistance (TPR) was calculated from the mean BP [ (2 x DBP + SBP)/3] and cardiac output.
Measurement of maximal 0, uptake and endurance. Vu2 naax was determined during Y-10 min of cycling on a stationary ergometer. The subjects exercised at -75% of l VO 2 max during the 0-to 4-min period of the test, at 95-100% of Tj02 maX from 4 to 6 min and then as long as possible at a work rate corresponding to 105-110% of .
vo 2 maxa The test ended when the subject was unable to continue cycling at the final work rate, which was constant and independent of cadence on the ergometer (Quinton model 845). The subjects were informed that their endurance performance ability would be evaluated by the length of time they could exercise. The absolute work rates and increments for an individual subject were identical during each treatment.
The subjects breathed through a Daniels valve while inspired volume was measured using a dry-gas meter (Parkinson-Cowan CD4). Expired air was sampled from a mixing chamber and analyzed for 0, (Applied Electrochemistry S3-A) and COz (Beckman LBZ) concentration. These instruments were interfaced with a laboratory computer that calculated VU* on a 30-s basis., During each test the subjects displayed a leveling off of Voz with increments in work rate, hyperventilation and respiratory exchange ratios X.10. In the four cyclists this value represented actual VOW max (their highest obtainable value that is not exceeded during inclined treadmill running). In the four men who trained by running this value, although termed v02 max for consistency in this paper, actually represented their peak Vo2 during cycling.
Statistical analyses. Two-way analyses of variance with repeated measures were used to determine if detraining and PV expansion produced significant effects. Tukey's post-hoc analysis was used to identify means that differed.
RESULTS
Effects of detraining on blood volume. Detraining resulted in a 9% decline (485 ml) in blood volume during upright exercise (5,177 t 178 to 4,692 -t-130 ml; P c O.Ol), (Table 1 ). The majority of this reduction occurred as a result of a 354 & 66 ml decline in PV (2,911 t 133 to 2,557 t 111 ml; P < 0.01). A smaller yet significant (P < 0.05) decline of 131 -t-39 ml in erythrocyte volume was also observed during detraining.
Effects of detraining on responses to upright exercise with a normal blood volume. The submaximal exercise testing elicited an average qoz of 2.30 & 0.11 1 l rein-I, and mean values werepwithin 0.02 1-min-l of this value during the subsequent tests, SV during upright submaximal exercise averaged 166 -+ 8 ml when the subjects were trained and declined 12% (P < 0.05) to 146 t 6 ml after Z-4 wk of inactivity (Table 1) . Additionally, HR increased (126 t 4 to 140 -t-3 beatsmin-'; P < 0.01) and as a result, submaximal cardiac output was not significantly affected by detraining (Table 1) . Detraining also produced a 7% increase (P < 0.05) in mean BP during submaximal upright exercise, which indicated that calculated TPR was also increased (8%; E' < 0.05). Effects of plasma volume expansion: trained vs. detrained. Infusion of the dextran solution and the resultant 429 $-45 ml expansion of PV when trained had little effect on the cardiovascular responses during submaximal exercise (Tables I and 4) .
When the subjects were detrained, an average of 720 * 20 ml of the dextran solution was infused in order to increase PV to a similar absolute level as when expanded in the trained state (3,340 5 166 vs. 3,277 t 132 ml). When expanded in the trained and detrained states total blood volume averaged 5,605 $-211 and 5,412 t 152 ml, respectively, which was not significantly different (Table  1) l Blood volume expansion resulted in a general reversal of the cardiovascular effects of detraining observed during upright exercise with a normal blood volume. As shown in Table 1 , SV increased from 146 k 6 to 164 t 8 ml (P < 0.05); HR was reduced from 140 t 3 to 131 t 4 beatsmin-' (P < 0.05) and TPR declined from 418 to 379 dyn+cm--' (P < 0.01). As shown in Table 2 , the reversal of the decline in cardiovascular function occurred as a result of the first 443-ml expansion of blood volume, which returned PV to the normal trained levels. As observed in the trained state (Table 1) , further expansion above the normal trained levels had no further beneficial effects.
Comparison of responses to submaximal upright exercise with an expanded blood volume when trained and detrained. Cardiovascular responses were not significantly different in the trained and detrained state during upright exercise with the expanded blood volumes (Table  1) . Stroke volume averaged 170 t 7 and 164 t 8 ml, respectively, when trained and detrained. Additionally, the HR response to exercise was not significantly different (128 t 3 vs, 131 & 4 beatsmin-l).
Mean BP and calculated TPR were also similar (Table 1) .
Maximal 02 uptuke. Detraining and blood volume expansion had similar general effects upon VOW MaX as they did upon SV during upright exercise, although the magnitude of change in Tj02 max was not as great. As shown in Table 3 , blood volume expansion did not significantly affect V0, max when the subjects were trained. Detraining produced a 6% decline (P < 0.01) in VO, max during exercise with a normal blood volume. Plasma volume expansion in the detrained state, however, increased (P < 0.05) vo, Max to a level which was not significantly different from that observed when PV was expanded in the trained state. It should be noted, however, that . vo 2 max when PV expanded in the detrained state was AND BLOOD VOLUME significantly lower (3%; P < 0.05) than that measured in the trained state with a normal blood volume and a higher (P < 0.01) hemoglobin concentration (Table 1) . Responses to exercise in the supine position. Blood trained levels, when blood volume was expanded to a level similar to that when the subjects were trained.
Our additional finding that exercise SV in the supine position was maintained within 4% (NS) of trained levels volume during supine exercise was reduced significantly during detraining supports the concept that the 12% following detraining. However, the magnitude of decline reduction (P < 0.05) in SV during upright exercise rewas less than observed during upright exercise (361 vs. sulted from the lowering of ventricular filling secondary 485 ml; P < 0.05) due to a smaller decline in PV (Tables to the reduction of blood volume. Supine exercise with 1 and 4). Plasma volume expansion had no effect on SV the legs elevated above the heart usually results in augduring exercise in the supine position. Detraining had mented ventricular filling compared with upright exerlittle effect on SV when the subjects were in the supine position (Table 4) . A comparison of the pooled data (both normal and expanded blood volumes) reveals that SV displayed a 4% decline during the detraining period (169 cise as evidenced by higher filling pressures, larger left ventricular end-diastolic volumes and higher SV (1, 20, 24) . These results suggest that the training-induced ex---pansion of blood volume serves to increase ventricular + 6 to 162 + 5 ml; P > 0.10). The only significant effect --filling and SV during upright exercise. These results also of detraining on cardiovascular response in the supine imply that the rapid decline of SV during upright exercise position was an increase in HR (130 $-3 to 138 t 4 beats l min-I) during exercise with the normal blood volume. The magnitude of this increase, however, was half as great as that observed during upright exercise.
endurance training promotes an increase in heart mass (2, 4, 23) . It has also been suggested that myocardial mass declines in both rats (l&16) and humans (10) when training is stopped for 3 wk. We did not measure myofollowing a few weeks of detraining does not largely result from a decline in myocardial function. It is generally believed that prolonged and intense
DWCUSSION
As in our previous study (8), we have presently ob-cardial dimensions in the present study. However, our served that the cessation of intense endurance training present observation that SV was maintained at nearresults in a rapid loss of cardiovascular functional ability trained levels when ventricular filling was assumed to be during upright exercise. The present findings indicate high (when subjects were in the supine position and PV that this decline in cardiovascular function following 2-was expanded) suggests that the filling capacity of the 4 wk of detraining is largely due to a reduction in circulating blood volume. The declines in SV and VO* max heart was maintained. Therefore, if ventricular mass was and indeed declining in our present subjects, we suspect that the increases in HR and TPR during submaximal upright it might involve a thinning of the ventricular walls and exercise were reversed, and values were returned to near not a reduction in the end-diastolic diameter. Our present observation that SV and vo2 max remained within 2-4% right exercise could have also contributed to the reductions in SV by increasing afterload and ventricular endsystolic volume. Convertino and co-workers (6) have observed the decline in peak Vo2 and the increase in HR during submaximal upright exercise following 15 days of bed rest deconditioning to be related to the decline in PV. They have also reported that peak Vo2 declines to a greater extent in the upright position than the supine position in low-fit middle-aged men (7) and that treatments which reduce the decline in PV during bed rest reduce the * decline in peak Vo2 when cycling upright (6). Although SV was not reported in the studies of Convertino et al.
. (5, 6), their observations regarding peak VO, agree with our finding that reductions in blood volume limit SV and l vo 2 max during upright exercise in deconditioned people. This is in contrast to the findings of Saltin et al. (23) , who suggested that SV and Vo2 max are lowered by deconditioning due to a depression of myocardial function. Saltin et al. (23) based their conclusion largely on the observation that SV declined in young men during both upright and supine exercise after they rested in bed for 21 days. However, as pointed out more recently (3, 21) , this observation does not necessarily indicate reduced myocardial function because of the possibility of venous pooling below the orthostatic level, which would compromise ventricular filling even when supine. Regardless, the deterioration of cardiovascular function observed by Saltin et al. (23) following bed rest was severe and clearly different from our present observations in trained men during a period of normal inactivity.
Plasma volume expansion affected the exercise time to fatigue differently than it affected v02 m8x. Although expansion had little effect on VOW max when the subjects were trained, it resulted in a significant reduction (P c 0.05) in performance time (Table 3 ). This agrees with the observations of Kanstrup and Ekblom (18) . When the subjects were detrained the PV expansion increased VOW max, yet it failed to increase and actually resulted in a slight decrease in time to fatigue. Invariably, the subjects commented that their legs began to fatigue sooner during exercise when PV expanded. These findings indicate that physical performance during high-intensity exercise is somewhat dependent upon other factors besides VOW Max* In summary, the present findings indicate that the decline in SV and Vo2 max and the increase in HR and TPR during submaximal upright exercise following a few weeks of detraining is largely due to a decline in blood volume. When blood volume was maintained at high levels through plasma volume expansion, we observed little reduction in cardiovascular function after a few weeks of inactivity in men who had been training intensely for several years. This study was supported by a grant from the American Heart Association's Texas affiliate. We appreciated the technical assistance of Bruce Burns and Tom Walters. We greatly appreciated the medical supervision offered by Dr. Jack Crosby and Dr. Paul Trickett from the Student Health Center at the University of Texas at Austin.
